ganisms interact within a nested suite of discrete scales. Microorganisms form communities and physical structures at the smallest scale (microns), followed by the community of their predators organized in microfoodwebs (tens of microns), the functional domains built by ecosystem engineers (centimeters to meters), ecosystems, and landscapes. Ecosystem engineers, principally plant roots, earthworms, termites, and ants, play key roles in creating habitats for other organisms and controlling their activities through physical and biochemical processes. The biogenic organic and organomineral structures that they produce accumulate in the soil space to form threedimensional mosaics of functional domains, inhabited by specific communities of smaller organisms (microfauna and mesofauna, microorganisms) that drive soil processes through specific pathways. Ecosystem engineers also produce signaling and energy-rich molecules that act as ecological mediators of biological engineering processes. Energy-rich ecological mediators may selectively activate microbial populations and trigger priming effects, resulting in the degradation, synthesis, and sequestration of specific organic substrates. Signaling molecules inform soil organisms of their producers' respective presences and change physiologies by modifying gene expression and through eliciting hormonal responses. Protection of plants against pests and diseases is largely achieved via these processes. At the highest scales, the delivery of ecosystem services emerges through the functioning of self-organized systems nested within each other. The integrity of the different subsystems at each scale and the quality of their interconnections are a precondition for an optimum and sustainable delivery of ecosystem services. Lastly, we present seven general research questions whose resolution will provide a firmer base for the proposed conceptual framework while offering new insights for sustainable use of the soil resource.
Key Words: Ecological mediators, ecosystem engineering, roles of the soil biota, self-organized systems, signaling molecules, soil functioning, soil structures (Soil Sci 2016;00: 00-00) T he soil macroinvertebrates, now classified as "ecosystem engineers," have long been studied for their spectacular effects on soil functioning and development and for the wide variety of their interactions with other organisms. With advances in research, their participation in diverse soil processes has been progressively detailed, and the scientific literature now offers a wide range of publications that describe the many roles that these organisms perform in soils (Lavelle and Spain, 2001; Lavelle et al., 2006; Blouin et al., 2013 , and 103 articles in Web of Science with key words soil "ecosystem engineers" and "ecosystem services," March 11, 2016) . Soil ecosystem engineers also comprise plant roots that play remarkable and multifaceted roles as engineers (Barea et al., 2005; Hinsinger et al., 2009, Berg and Smalla, 2009) . Vertebrates may also play important roles as physical engineers at specific locations and where populous (Butler, 1995; Bancroft et al. 2005; Villarreal et al., 2008; James et al., 2009; Dunham, 2011) .
Although the term ecosystem engineers was defined relatively recently by Jones et al. (1994) , both their occurrence in soil and their physical and other effects were originally recognized by Aristotle, long before modern scientific thought existed. White (1789) and Darwin (1881) provided much of the impetus for the modern era of research that commenced in the second half of the 20th century (Lee and Wood, 1971; Bouché, 1977; Lobry de Bruyn and Conacher, 1990) ; few of the general effects studied today escaped their observation. Perhaps because of the complexity of its study medium, soil science has become fragmented into a number of subdisciplines. Reductionist approaches to the science have led to the situation in which soil science in general has largely ignored the interactions that occur between soil ecosystem engineers and other soil organisms and their participation in such important soil processes as carbon processing (van Breemen, 1993; Johnson and Hole, 1994; Lavelle, 2000; Schmidt AQ2 et al., 2012; Bottinelli et al., 2015. This article first proposes an updated conceptual version of the soil model proposed 129 years ago by Dokuchaev (1889) and further adapted by Jenny (1941) and Duchaufour (1977) to illustrate the processes and dynamics of soil formation and functioning. We acknowledge self-organization as a basic mechanism that explains the complex interactions among organisms, structures, and processes in soils and that makes soil dynamics so difficult to describe and predict. By self-organization, we mean a process where some form of overall order or coordination arises out of the local interactions between the components of an initially disordered system. We identify different types of soil ecosystem engineers and detail the different roles they play as key actors in self-organized patterns and processes within soils. Specific mechanisms that allow them to influence the provision of ecosystem services are described ( F1 Fig. 1 ). We then discuss the further research necessary to develop this model of soil functioning and meet the needs of future fundamental and applied research.
resources to other species, by causing physical state changes in biotic and abiotic materials. In so doing they modify, maintain, and create habitats." Ants, termites, earthworms, and a number of other soil-dwelling invertebrates and vertebrates closely conform to this definition. Specific examples include the ants and termites that build large earthen mounds and create extensive networks of subterranean galleries and chambers. They concentrate organic matter within their nests and deposit finer materials in the upper parts of the soil profile and are examples of central place foragers. The changes they mediate to soil-water relationships lead to different drainage characteristics while creating habitats for smaller organisms (Jones et al., 1994; Lavelle and Spain, 2001) .
The soil-engineering concept is part of a general approach developed by ecologists who have long observed that some organisms play roles that are disproportionately large relative to their abundance. Paine (1969) defined "keystone species" as those that maintain the structure of biological communities by various processes including predation (e.g., sea otters, Carnivora) and mutualism (e.g., plants that provide feeding resources to herbivores and therefore the entire foodweb), thereby sustaining the ecosystemengineering activities of, for example, prairie dogs (Rodentia). Soil ecologists have recognized these effects for many years: earthworms, long acknowledged for their outstanding effects on plant growth and soil physical properties, have been divided into separate functional groups that have quite different effects on soils (Bouché, 1977; Lee, 1985) . Biological systems of regulation were then defined as associations among a macroorganism (a root, an invertebrate ecosystem engineer), a community of microorganisms that is selected and activated by the macroorganism, which feeds on organic resources in the soil (Lavelle, 1984) . The later concept of functional domain (Lavelle, 2002) recognized the fact that soil ecosystem engineers organize the soil environment and create microenvironments with their own specific microbiological, chemical, and physical characteristics. These include roots and their rhizospheres (Hiltner, 1904) , termites and their termitospheres (Lee and Wood, 1971) , earthworms and their drilospheres (Bouché, 1977; Lavelle, 1984) , and ants and their myrmecospheres (Folgarait, 1998) , together with less widespread Coleoptera, Isopoda, or vertebrates and a host of others.
This research has clearly demonstrated that ecosystem engineering includes the capacity of organisms to drive ecosystem processes and upgrade ecosystem performance: it involves substantially more than simple physical effects on soils. While a necessary complement to theories that purport to explain ecosystem function and development solely through simple trophic relationships, physical engineering forms only a part, possibly small, of the variety of nontrophic interactions that occur in natural systems. In the compact environment of the soil, with its limited and highly fragmented pore space, the need to improve the efficiency of the use of naturally low-quality resources has led organisms to cooperate within self-organized systems (Lavelle, 1997) . In this article, we consider three different types of ecosystem engineering: physical, biological, and biochemical.
SOIL AS A SELF-ORGANIZED SYSTEM: A GENERAL MODEL OF SOIL GENESIS AND FUNCTION
Self-organization is a general property of natural systems in which interactions occur among species at the discrete scales where these species coexist. Haken (2008) defines self-organization as the "spontaneous often seemingly purposeful formation of spatial, temporal, spatiotemporal structures or functions in systems composed of few or many components." In physics, chemistry, and biology, self-organization occurs in open systems driven far from equilibrium by the interactive processes thus created. The process of self-organization can also be found in such diverse contexts as economics, sociology, medicine, and technology.
Highly diverse sets of species may interact within soils because of the great fragmentation of the void space in which species live. Nonetheless, elements potentially able to interact may not FIG. 1. Soil ecosystem engineers and the delivery of ecosystem services: three different processes (in red) 1. The organization of soil physical structure and associated ecosystem services. 2. Selection and activation of plant, microbial and smaller invertebrate communities that determine decomposition and nutrient cycling processes. 3. The release of hormones that regulate primary production. A color version of this figure is available in the online version of this article.
necessarily be in contact, not all possible chemical or physical reactions will occur, nor do all the predators present encounter their possible prey species. As a result, potential prey may avoid their predators through spatial isolation, and anaerobic and aerobic processes may occur at the same time within a soil horizon.
Self-organization may also be considered a consequence of evolution. As systems evolve, interactions among organisms tend to increase with time, shifting progressively from negative (competition, predation) to positive (mutualist) (Allee et al., 1949; Margulis, 1981; Lewis, 1985) . Organisms tend to share their capabilities, developing symbioses and mutualisms at different scales, from merging their bodies within a single integrated organism (symbiogenesis, Margulis, 1981) , to symbiotic relationships (Lewis, 1985) among organisms of similar (isosymbiotic) or different (anisosymbiotic) sizes. The relationships are said to be inhabitational or exhabitational, according to the locations of one of the mutualists, within or outside the body of the other individual. At the scale of ecosystems, connectivity, or the intensity of interactions among organisms, is usually very low in incipient systems and increases with ecosystem maturation (Holling, 2001) . As evolution proceeds, organisms (and probably groups of organisms) are selected that use resources with progressively greater efficiency; this increases the resource base by creating positive feedback effects between plants and soil organisms. The "first link" hypothesis (Lavelle, 1986) explains how the mutualistic interactions that develop between roots and other soil organisms are the first link in a suite of processes that increase biodiversity: a larger amount of energy is captured by plants growing with other soil organisms. The large number of studies demonstrating positive interactions among roots, microorganisms, and invertebrates in plant rhizospheres supports this hypothesis (Whipps, 2001; Bonkowski, 2004; Barea et al., 2005; Bais et al., 2006; Berendsen et al., 2012; Andriuzzi et al., 2015) . This is expected to allow an increased number of primary and secondary consumers to coexist, thereby increasing biodiversity over evolutionary time. Evolution may therefore have favored cooperation, a basic component of self-organized systems, by selecting for increased energy capture efficiency and ecosystem stability. Within this conceptual framework, competition and predation may act as secondary regulators of soil functioning, organizing community structure, and driving nutrient cycling processes at small spatial and temporal scales but shaped by the larger scale activity of ecosystem engineers (van der Putten et al., 2004; Mulder et al., 2011; de Vries et al. 2013) . Selection may operate at the group level, probably on groups selected by ecoevolutionary processes rather than through the addition of individual processes. Alternatively, it may be considered as a regulation process that promotes homeostasis within the more general context of self-organization (Hoelzer et al., 2006) . The self-organized nature of soils has been acknowledged at the broad scales of soil formation (Targulian and Krasilnikov, 2007) and functioning . Targulian and Krasilnikov (2007) described soil formation as a synergetic process of self-organization in time, leading toward the formation of a mature pedomatrix that itself becomes a powerful regulator of further soil system functioning. They also state that "soil formation should be regarded as the transformation of parent material by biota with a consequent increase in its fertility and ecological suitability, in accordance with the Gaia hypothesis (Lovelock, 1988; van Breemen, 1993) . They recognized nine different categories of soil-forming processes and three major time scales, defining short-term (10-100 years), medium-term (1,000-10,000 years) and long-term (100,000 to 1,000,000 years) soil processes. Four of these processes are directly related to biological activity: litter formation, peat formation, pedoturbation, and the formation of soil structure.
Soil Formation
However, soil formation may also involve some self-limiting irreversible processes (weathering, leaching, salt accumulation, or formation of hard pans) that are mostly unfavorable to unspecialized biological activity. According to Targulian and Krasilnikov (2007) , only 12 of the 39 diagnostic horizons (mollic, umbric, chernic, melanic, histic-eutrophic, hortic, terric, andic, cambic, calcic, nitic, and vitric horizons) of the World Reference Base are considered favorable to biological activities. The other 27 are considered unfavorable, in a productive sense "impaired" by their own changes, and the biota adapts to such environments rather than improving them.
Contrastingly, the soil maturation processes that lead to the formation of unfavorable weathered horizons also result in a general improvement of basic soil physical properties associated with deeper soil profiles. Therefore, during their formation, soils evolve through a continuum of developmental stages from incipient to mature and weathered. In the earlier stages, incipient and young, trophic conditions are optimal, while weathering and leaching processes have not yet reduced the initially favorable biological nutrient and clay mineral contents of the profile. In the later highly weathered stages, concentrations of the biologically available fractions of the nutrient elements (notably P) available to organisms have become severely diminished. In contrast, the improved physical conditions associated with soil profile deepening offer more stable microclimatic conditions, including a greater water storage capacity and a more stable thermal environment, particularly at depth. Invertebrates and roots can penetrate deeper into these soils to find suitable moisture regimes during dry conditions. Whereas earthworm and ant abundances occur in two peaks, at opposite ends of the soil maturation spectrum, termites are clearly associated with the generally more weathered soils of tropical areas (Orgiazzi et al., 2016;  F2 Fig. 2 ). Earthworms exhibit their greatest densities in young fertile soils where productivity is high. Their communities are usually dominated by some combination of litter-feeding epigeic and anecic populations, the latter of which live in vertical galleries and feed on surface leaf litter and soil. In mature soils, trophic conditions are less favorable, although the oldest and deepest soils support different types of species, the so-called endogeics. These species live deep within the soil, thereby taking advantage of the more stable moisture conditions associated with the larger water store that may be held within such soils; they feed in situ on soil organic matter. Ants are much more populous in younger soils where greater resources are available. The slight increase that occurs in old soils may simply reflect the fact that these soils mostly occur in tropical areas where climatic conditions favor high productivity, at least seasonally.
Soil Functioning
According to the definitions proposed by Perry (1995) , soils may be considered as self-organized systems, with clear implications for their properties and functioning . Self-organized ecological systems involve specific living communities that create structures, which in turn influence processes with positive feedbacks on their fitness. These communities interact at discrete scales of time and space, constrained within boundaries. They produce structures that have a positive feedback that alleviates environmental constraints and operates through the influence of organisms on processes (Jouquet et al., 2006) . For example, in the case of roots and their associated organisms in the rhizosphere, a functional domain with well-delimited boundaries extends a few millimeters away from the root surface. A specific community of microorganisms exploits carbon resources released as root exudates and interacts with predatory microfauna at the root surface (rhizoplane). This community captures nutrients from the surrounding soil and releases them in mineral forms at the root surface (Bonkowski, 2004; Bais et al., 2006) , thereby improving plant nutrition. Physical structures are also created from the mineral soil around the root: stable aggregates and pores that improve the circulation of air and water to and within deeper soil horizons, facilitating greater root penetration.
Another important property of self-organized systems is their occurrence in metastable equilibrium states, "on the edge of chaos," far from the equilibrium maintained by the activity of the organisms that form the system. Clearly, as soon as a root dies, the rhizosphere changes its state from a living rhizosphere system to a decomposition system fueled by the dead organic matter of the root. It later becomes a biologically inactive system once the fresh organic matter of the root has been transformed into decomposition-resistant compounds that become strongly associated with clay minerals to form organomineral complexes or separated from microorganisms by physical barriers (Lavelle et al., 1995; Kuzyakov and Blagodatskaya, 2015) . Earthworms in their drilospheres, termites in their termitospheres and ants in their myrmecospheres are further major ecosystem engineers that create self-organized systems, or functional domains, operating at characteristic scales (Lavelle, 2002) .
Self-organized systems are organized hierarchically across scales of time and space ( F3 Fig. 3 ). They occur as structures located within a suite of embedded scales extending from a few micrometers where self-organized microbial communities operate Crawford, 2004, Crawford et al., 2012) , to larger units (100-250 μm) within which their predators function (Lavelle and Spain, 2001; Briar et al., 2011) . These, in turn, form part of the functional domains of ecosystem engineers, which operate across scales of centimeters to meters where they form mosaics of functional units driven by a diverse set of ecosystem engineers (Ettema and Wardle, 2002; Rossi 2003) . Such mosaics are ecosystems that combine to form landscape mosaics . Paradoxically, this perfect succession of units across time and spatial scales results in the general scale-free pattern of self-organized systems indicated by Gisiger (2001) .
FIG. 2. Changes in mean population densities (individuals m
−2 ) (SE in orange) of the main invertebrate soil ecosystem engineers across a chronosequence of soil maturation sites from incipient (1), to young (2), mature (3) and old weathered (4) (Orgiazzi et al., 2016) . A color version of this figure is available in the online version of this article.
ENGINEERS AS KEY ACTORS IN SELF-ORGANIZED SYSTEMS
Ecosystem engineers operate principally at Scales 3 and 4 of the five scales in the continuum of scales shown in Fig.3 that links the smallest Scale 1, within which microorganisms mediate most of the chemical transformations in soil, and Scales 4 (ecosystem) and 5 (landscape), where most ecosystem services are delivered. They select and activate microbial activities through a combination of physical and trophic mechanisms, constrained within the limits imposed by climatic (moisture and temperature) and soil (clay minerals, nutrients, organic resources) conditions ( F4 Fig. 4 ). The mutualistic relationship with microbes is diversely organized: it may be mediated through internal or external digestive systems and allows ecosystem engineers to capture energy and to develop engineering activities across three different scales.
Physical Engineering: Construction, Spatial Organization, and Maintenance of Stable Aggregates and Pores of Different Shapes and Degrees of Connectivity
Numerous studies have detailed the physical impacts of soil ecosystem engineers. Their constructs range from the minute structures created by microorganisms, either acting alone (Crawford et al., 2012) or in combination with roots (Feeney et al., 2006) , to roots, alone (Angers and Caron, 1998) or in combination with earthworms (Zangerle et al., 2011) . Other engineering groups include the Enchytraeidae (Davidson and Grieve, 2006) , ants (Hölldobler and Wilson, 1990, Lobry de Bruyn and Conacher, 1990; Folgarait, 1998; Gorosito et al., 2006; Jouquet et al. 2011) , earthworms , Shuster et al., 2004 , and other organisms. A range of methodological approaches have revealed the linkages that occur between soil macroaggregation and the presence of ecosystem engineers; in some cases, the organisms directly responsible for aggregate formation have also been identified (Velasquez et al., 2012) .
Biogenic Structures
Ecosystem engineers produce a wide variety of aggregated and massive structures that may accumulate at the surface and within the soil, leading to the formation of surface horizons with a high proportion of biogenic aggregates and pores ( F5 Fig. 5 ). Micromorphological analysis of soil thin sections (Hallaire, 2000; Topoliantz et al., 2000; Davidson et al., 2004; Pulleman and Marinissen, 2004) and manual separation of rounded biogenic aggregates (Topoliantz et al., 2000; Velasquez et al., 2007a) have permitted identification and characterization of different structures on the basis of their shapes, resistances to mechanical pressure, and colors. As revealed by chemical and near-infrared spectral analysis, these structures differ greatly in their organic matter contents and compositions (Decaëns et al., 2001; Hedde et al., 2005) . Their microbial communities are rather specific , as are the enzymatic activities that they exhibit (Mora et al., 2005) . Detailed analyses of such structures indicate many unique materials, including the 50-μm-thick exterior coating of fine materials that imparts hydrophobic properties to earthworm casts (Blanchart et al., 1993) . Termites often build mounds comprising different kinds of materials between the outside walls and the internal nesting areas (Blanchart et al., 1993; Korb, 2011) . The sophisticated drainage systems built around the nests of the mound-building ant species Camponotus punctulatus (Gorosito et al., 2006) and the spectacular tubular structures made by cicada nymphs in neotropical rainforests (Fig. 5) are two of many possible examples.
Termite mounds are a widespread feature of most of the savannas of Africa, Latin America, and Australia. Depending on the feeding habits of their constructors, their biogenic structures exhibit a range of nutrient compositions with higher nutrient contents in the structures created by litter feeders (Decaëns et al., 2001; Jimenez et al., 2006) than those built by woodfeeding species (Lee and Wood, 1971 ). In addition, interactions among termite saliva, ingested organic matter, and clay minerals can modify clay mineralogy (Jouquet et al., 2007) . Earthworm casts have very diverse compositions and structural stabilities, which allow them to either stabilize the soil structure (compact globular casts) or induce local erosion and soil creep (small granular casts) Decaëns, 2000 , Jouquet et al., 2013 . The compositions, structural forms, and the time periods during which these structures persist determine their local impacts on the processes that sustain soil ecosystem services. While compact structures with high concentrations of microaggregates may conserve carbon in soils and, when stabilized over a drying cycle, allow high rates of water infiltration and storage in soils, loose and physically unstable structures may accelerate carbon mineralization and soil erosion. Cases of soil creep triggered by the surface deposition of earthworm casts (Nooren et al., 1995; Binet, 2001, Jouquet et al., 2013) exemplify the dual functions of biogenic structures on carbon cycling; whether protection or accelerated mineralization occurs depends on the types of structure, the depths at which they are deposited, and the times over which they persist. Any imbalance between the opposing "compacting" and "decompacting" functions may cause severe degradation of soil physical properties and plant death (Chauvel et al., 1999; Bartz et al., 2009 ).
Communities of Engineers, Soil Physical Properties, and the Delivery of Environmental Services
Various groups of soil biota, especially mycorrhizal fungi, bacteria, earthworms, and termites, have been shown to significantly influence soil physical properties (e.g., Tisdall, 1994; Bossuyt et al., 2005; Pulleman et al., 2004; Rillig and Mummey, 2006; Velasquez et al., 2007b) . It is known that the excretion of, for example, polysaccharides by bacteria and the physical enmeshment of soil particles by fungal mycelia has a positive effect on soil aggregation (Tisdall and Oades, 1982; Degens et al., 1996; Chenu, 1995; Rillig and Mummey, 2006) . Soil physical engineers progressively accumulate biogenic structures in soils, FIG. 4 . Interactions among self-organized units across scales and the delivery of ecosystem services. Note that additional scales such as biome and biosphere may be added when ecosystem services are considered at the global scale. Ecosystem engineers select and activate microbial communities in their functional domains (1). A mutualist digestion system (2) releases energy (3) used by ecosystem engineers to build biogenic structures and organize soil physical structure (4) with resulting effects on water services (infiltration and storage) (5). Combination of mineralization processes during the digestion process and sequestration of organic compounds in biogenic structures affects soil organic matter dynamics (6), and hence, nutrient cycling and climate regulation (7). A color version of this figure is available in the online version of this article. and their spatial arrangements determine the physical properties of the soil and, ultimately, the delivery of ecosystem services. The amount of bioturbation carried out by soil ecosystem engineers may often be very significant pedologically (Wilkinson et al., 2009 ). In 1 m 2 of a favorable temperate soil environment, approximately 1 L of soil is contained within the gut of the earthworm population. Four percent to 10% of the total soil passes annually through earthworm guts, that is, the equivalent of several hundreds of Mg of dry soil (Drake and Horn, 2007) . In the humid tropics, annual rates of soil transit through earthworms may be much greater and reach 1,250 Mg ha −1 , that is, equivalent to a layer of dry soil 10 cm thick (Lavelle, 1975 (Lavelle, , 1978 . Recent information, gained using novel methodologies (Zangerle et al., 2016) in temperate climate forests, suggests that the annual transit through earthworm guts might be much greater than indicated by Drake and Horn (2007) . Although less spectacular, and possibly less well known, termite and ant depositions and constructions frequently reach values of tens to hundreds of Mg per hectare (Lavelle and Spain, 2001) . Termites may also consume as much as 55% of surface plant litter (Wood and Sands, 1978) and account for up to 20% of carbon mineralized (Holt, 1987) . Such high rates of transit through engineers' guts have significant effects and Velasquez et al. (2007b) demonstrated a clear relationship between the abundances of biogenic macroaggregates in different Nicaraguan production systems and the populations of the macroinvertebrates that inhabit these soils ( F6 Fig. 6 ). Accumulation of stable macroaggregates in turn influences the general physical properties of the soil and its overall quality as measured using the General Indicator of Soil Quality .
Similar relationships have been observed in a number of studies in agroecosystems that illustrate how macroinvertebrates, where favored by appropriate management options, produce abundant biogenic macroaggregates and macropores, with subsequent positive effects on ecosystem hydrological services Hallaire et al., 2000; Velasquez et al., 2007b; Velasquez et al., 2012; Marichal et al., 2014) . In Neotropical savannas, modifying the plant cover or artificially excluding an important ecosystem engineer may rapidly affect physical soil properties (Decaëns et al., 1999a; Velasquez et al., 2012) . Changes in chemical fertility occur more slowly and are unlikely to be noted in the limited time spans of the experiments.
Termite and ant mounds create heterogeneity in physicochemical soil properties (Lee and Wood, 1971; Folgarait, 1998; Decaëns et al., 2001 ) and play a critical role in influencing both ecosystem CO 2 exchange and biological production (Otieno et al., 2011) . Large macropores made by Odontotermes species and Macrotermes subhyalinus in the Sahel (Léonard and Perrier, 2001) have been reported to have a noticeable impact on soil hydrological properties. Conversely, termite sheetings (protective constructions at the soil surface that cover termite food materials during feeding) created by Ruptitermes species in the Neotropical savannas (Decaëns et al., 2001) can erode rapidly during the intense rainfall typical of the tropics. Termites are also considered to be net emitters of methane (Sanderson, 1996) , although they probably do not emit more than 2% to 4% of global emissions. In addition, local emissions depend on the relative proportions of the different trophic groups present in a particular area: fungus growers and soil feeders release more methane than wood feeders (Brauman et al., 1992) . Soil engineers may also have medium-to long-term effects on soil dynamics. While termites are known to prevent desertification processes in arid systems (Bonachela FIG. 6 . Correlation circle of indicator variables (a) and projection of sample sites in the factorial plan F1F2 of the PCA analysis of macrofauna and soil quality indicators in a Nicaraguan multiple use (cropping, pasture and forested) landscape. Close projection of variables "Morphology" that measures soil macroaggregation and "Macrofauna" indicates correlation between these two indicators. GISQ: Global Indicator of Soil Quality combines the morphology, macrofauna, SOM (soil organic matter), physical and chemical sub indicators. Coffee plantation under tree cover had the best soil quality, "eroded" garden, mixed and maize culture have the worst ones (Velasquez et al., 2007b) . A color version of this figure is available in the online version of this article. , 2015) , Isopoda may concentrate nutrient resources in deserts, promoting the maintenance of a diverse vegetation (Yair and Rutin, 1981) . More widely, earthworms, termites, and ants progressively bury stones and artifacts through ongoing surface deposition of earth materials and trigger soil creep by promoting downhill translocation of their surface deposits (Jouquet et al., 2011; Bonachela et al., 2015; Traore et al., 2015) . The presence of abandoned termite mounds in some savanna plots may be due to predation during raids by army ants, which are the main predators of Macrotermitine termites (Lepage and Darlington, 1984) . These ants roam over large areas causing high mortality rates and short turnover times among termite colonies of Macrotermes bellicosus, irrespective of their size. However, even after depletion of their populations, their large biogenic structures persist in the area for long periods, up to hundreds of years.
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Interactions Among Ecosystem Engineers in Building Biogenic Structures and Functional Domains
Although theory predicts that self-organized organisms create functional domains with clear boundaries, there is evidence in nature that interactions among ecosystem engineers do exist and may result in the building of mixed domains with sometimes rather indeterminate boundaries (Decaëns et al., 1999b) . Fine roots often colonize fresh earthworm casts (Decaëns et al., 2002) , termite, and ant mounds (Ohashi et al., 2007; Dauber et al., 2008) , whereas root foraging is known to be facilitated by earthworm and termite galleries (Lu et al., 2013) . There is evidence that roots and earthworms can coconstruct stable macroaggregates, although some specific affinities occur among plant and earthworm species in this process (Zangerle et al., 2011) . In seasonally flooded savannas in South America, ecosystem engineers may combine their activities to create the rather spectacular structures, several meters in diameter, known as "surrales." In French Guyana, roots, termites, earthworms, and ants cooperate to maintain the raised fields initially created by pre-Colombian farmers in periodically flooded savanna areas (McKey et al., 2010 , Renard et al., 2012 ) ( F7 Fig. 7 ). Publications on this topic are extremely few, and much remains to be learned.
Spatial Design: Functional Domains and Their Boundaries
Communities of ecosystem engineers are usually organized in mosaics of patches of similar spatial extent. Within each patch, colonization by associated communities of smaller organisms occurs, and the soil processes that determine ecosystem service delivery follow specific pathways.
Earthworms
Analysis of the spatial distributions of earthworm populations has shown that they occur in patches, usually some 10 to 30 m in diameter ( F8 Fig. 8 ). This pattern has been observed in a wide range of ecosystems, including natural temperate and tropical grasslands, forests, introduced pastures, and in cropping systems (Rossi et al., 1996; Jimenez et al., 2001; Rossi, 2003) .
In a gallery forest in the Eastern Llanos region of Colombia, Jimenez
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et al. (2014) found that soil intrinsic variability explains 48% of the population spatial variation for soil feeding epigeics but has virtually no effect on endogeics (1% variance explained). Although relationships have often been established between earthworm patches and soil characteristics, the exact sense of the relationship seems to be rather variable. While some species, generally endogeics, produce large quantities of stable macroaggregates and create soil pores that may directly influence soil physical parameters, other smaller species associated with the litter layer are more dependent on local conditions (Jimenez et al., 2012) .The formation of these patches through self-organization has been demonstrated in a modeling exercise based on initially homogeneous soil conditions (Barot et al., 2007) . In this case, two earthworm populations with alternate spatial distributions may coexist and have either compacting or decompacting effects on the soil structure, depending on the types of casts they produce: hard and compact or loose and fragile. Patches exhibit different soil conditions: both bulk density and root density are significantly lower in the patches inhabited by decompacting earthworms than those inhabited by compacting species (Rossi, 2003) .
The negative correlations that occur between the spatial distributions of soil ecosystem engineers of different species producing separate cast types have been often interpreted as a result of competition (Jimenez et al., 2001; Decaëns et al., 2009; Jimenez et al., 2012) . Alternatively, this distribution patterns may be considered as the consequence of a microsuccessional process. Compacting species cannot reingest their compact cast material and feed rather on small soil aggregates, whose maximum size is limited by their mouth size. These organic matter-rich microaggregates are casts of the decompacting species that feed on large compact casts and decomposing root materials Rossi, 2003) . If demonstrated to be true, this process would lead to the replacement of patches of a given group by its complementary type. Observations made at 1-and 2-year intervals have shown significant changes in spatial distributions as well as persisting patterns (Rossi, 2003 , Jimenez et al., 2006 . A further hypothesis, known as the coexistence-aggregation model, states that spatial aggregation of competitors on patchily distributed resources can facilitate species coexistence (Price, 1984) . In this case, the diversity of soil conditions created during soil formation by parent material variability and topography may allow species to coexist. The patterns observed in the field seem likely to be a combination of both processes.
Termites and Ants
Termite mounds of a given species may be either regular to randomly distributed, indicating at the extremes interactions among colonies in partitioning colony foraging space or, alternatively, the absence of such a process. Regular distributions are attributed to intraspecific competition (Spain and Sinclair, 1986; Grohmann et al., 2010 , Bourguignon et al., 2011 , whereas random distributions are considered to indicate a lack of competition. However, there is no clear indication that in the absence of surrounding colonies a given colony putatively unconstrained spatially by competition would have expanded more than it did in the observed situation. Similarly, no relationship has been established between the population density of colonies per hectare and distribution patterns to show a threshold value in density beyond which the distribution pattern would shift from random to regular as a result of competition constraints. Interestingly, it has been observed that young colonies of M. bellicosus (Smeathman) have a clumped distribution, whereas mature colonies are regularly distributed (Korb and Linsenmair 2001) . There are also some reported cases where the nature of the parent material has no apparent influence on mound distributions (Mujinya et al. 2014 ). Ants build a wide variety of mounds, of very diverse sizes. As for termites, these mounds may exhibit regular to clumped distributions and may or may not be affected by local soil variation (Cushman et al., 1988; Cerdá et al., 2002) .
Conservation of Carbon
Soil engineers affect carbon cycling at three different scales, with contrasting effects (Lavelle and Spain, 2001) . Earthworm digestion results in mineralization of 5% to 20% of organic matter on average during the very short period (from <1 h to 1 day) of a gut transit. Fresh casts and arthropod fecal pellets retain a high mineralization activity, although it soon decreases as the microbial biomass and plant roots quickly absorb and reorganize the nutrients released in available forms. Dry or aged biogenic structures have much-decreased and sometimes no detectable remaining mineralization activities, because organic matter is trapped within compact structures and generally has a relatively high proportion of resistant compounds. Some biogenic structures, such as the hard external walls of termite mounds, may persist in the environment for very long periods. The age of carbon comprised in the lower, oldest part of abandoned mounds of Macrotermes falciger in Congo varied from to 600 to 2,300 years depending on the size of the mounds (Erens et al., 2015) . In the latter instance, the rapid release of CO 2 during their formation is largely compensated for by carbon sequestration during their stable phase.
Invertebrates may thus influence the course of decomposition of a large proportion of total soil organic matter in the upper horizons. In the Lamto savanna of the Ivory Coast, 20% to 33% of the carbon stock transits annually through earthworm guts (Lavelle, 1978) . Soil carbon dynamics studies generally ignore these effects and are therefore unable to evaluate the origins of the sometimes drastic changes in their communities that occur under different soil management options.
Biological Engineers
A large part of the influences that ecosystem engineers have on nutrient cycling and plant growth is due to the activities of microorganisms and other smaller organisms (fine roots and invertebrates) selectively activated within their functional domains. While part of this activation results from bioturbation and other physical processes, chemical compounds that we propose to call ecological mediators also facilitate a great part of it.
Ecological Mediators
Ecological mediators are defined as any substance produced by an organism within its environment that has the capacity to directly affect the activities of other organisms. We distinguish two major classes of such mediators. Energy-rich mediators are mostly involved in the activation and selection of microbial communities through priming effects (Jenkinson, 1966) , whereas signaling molecules have hormone-like effects and can influence the expression of plant genes.
Energy-Rich Mediators
Root exudates and other components of rhizodeposited materials, together with earthworm mucus, are the best known mediators within this category.
Root Exudates
Roots deposit in their rhizosphere exudates secreted by different types of cells (Kuzyakov and Domanski, 2000; Uren AQ2 et al., 2000; Lavelle and Spain, 2001; Bertin et al., 2003; Bais et al., 2006) . This includes mucigel that comprises some bacterial products and sloughed cells from the root cap region. These represent a massive annual input of several Mg per hectare of highly energyrich materials predominantly released close to growing root tips. There is evidence that the compositions of these exudates may be species specific (Marschner et al., 2004) , possibly allowing plants to use nutrients from different soil pools, as proposed by Lavelle (1975) . These compounds are involved in priming effects: provision of a limited amount of this readily assimilable resource allows those microorganisms capable of using them to further decompose complex substrates (Fontaine et al., 2003; Bird et al., 2011; Dijkstra et al., 2013; Haichar et al., 2014; Shahzad et al., 2015) . The microbial loop model states that bacteria are selected and stimulated when the tip of a growing fine root comes in contact with them; these bacteria use the energy of the exudates to extract nutrients from decomposing substrates in the vicinity of the root. Finally, micropredators (nematodes or protists) prey upon bacteria, thereby releasing plant-available nutrients (Coleman et al., 1984 , Bonkowski, 2004 .
Earthworm Mucus
Earthworms produce polysaccharide compounds termed "mucus" that is secreted at the body surface and in the forepart of the gut. Daily cutaneous mucus production by a common temperate endogeic species was estimated at 0.2% to 0.5% of the carbon content of the worm (Scheu, 1991) . Direct observation of living earthworms of different species studied under different soil conditions suggests that this value may vary substantially, but data are still lacking.
Intestinal mucus is mainly composed of glycoprotein c.
AQ3
60 K daltons in molecular size mixed with amino acids and simple sugars (Martin et al., 1987) . Another important secondary component is called "drilodefensin" (Liebeke et al., 2015) and is furan sulfonic acid that counteracts the inhibitory effects of polyphenols on earthworm gut enzymes. Mucus may comprise from 4% to more than 30% of the dry matter content of the anterior gut (Trigo et al., 1999) (   F9   Fig. 9 ). Interestingly, mucus contents are higher in geophagous rather than litter-feeding species and in the species that occur in temperate rather than tropical areas. This trend sustains the hypothesis that the general priming effect triggered in the earthworm gut requires less labile substrate when ambient temperatures are high and the food substrate is of relatively high quality.
Intestinal mucus does not occur in the posterior half of the earthworm gut. Given the huge energy investment that its production represents, this observation seems logical. However, we do not yet know what the fate of this mucus is: whether it is reabsorbed by the worm and metabolized or recycled by some internal transport process. In any case, considering this mucus only as a lubricant is erroneous. In addition, no measurable amounts of mucus remain in the casts because the very tight energy budget of earthworms, especially that of the endogeic species, would not permit such an energy loss (Lavelle and Spain, 2001 ).
Signaling Molecules and Hormones
Signaling molecules are characterized by their marked effects on organism physiology, despite their occurrence at very low concentrations in the environment (Zhuang et al., 2013) . Microorganisms and plants produce many signaling molecules that play a key role in the establishment of mutualist or parasitic relationships (Bais et al., 2004; Bertin et al., 2003) . Well-known examples are the Nod factors produced by Rhizobia that allow the establishment of the Rhizobium-Fabaceae nodules and the plant hormones released by free-living soil microorganisms.
Signaling molecules emitted into the environment are used by organisms to acquire information on the spatiotemporal dynamics of their resources. In this regard, signaling molecules alter resource bioavailability by increasing organisms' resource use efficiency (Puga-Freitas and Blouin, 2015) via changes in gene expression or through RNA modifications.
The main signaling molecules in plants are hormones, such as auxins, cytokinins, gibberellins, abscisic acid, ethylene, jasmonic acid, and salicylic acid synthesized within plant cells. Microorganisms can produce the same molecules and may also produce phytotoxins or molecules that are considered to activate plant defense mechanisms. Recent research has shown that plants and soil organisms produce the same set of signaling molecules (Ausubel, 2005) .
However, a great proportion of biogenic molecules (such as humic acids, or chitin) may elicit adaptive responses. The biochemical dialog between organisms and plants involves emission and receptor devices and has a high energy cost, which suggests that they have been selected for their positive effects on organism fitness.
Community Engineering
A universal property of the functional domains created by soil ecosystem engineers is the selection of communities of dependent organisms.
Microbial Communities
Microbial communities are highly modified during the formation of biogenic structures. A general process observed in all invertebrate gut contents and other fresh biogenic structures is the selection and activation of a limited part of the soil community and the progressive evolution toward a common basic "bulk soil" community as structures age (Blackwood and Paul, 2003) . Marschner et al. (2004) state that amounts and compositions of root exudates are the key drivers for differences in community structure. The secretion of root exudates into soil activates microbial communities, with a greater effect on bacteria than on fungi (Buyer et al., 2002) . Plant rhizospheres may have species-specific microbial communities, although they generally contain a rather limited number of fast-growing species, and soil effects may sometimes be more important than that of the plant (Marschner et al., 2004; Edwards et al., 2015; Lange et al., 2015) . Rather similar observations have been made on microbial communities within the earthworm gut content and within casts. While earthworms may directly digest part of the microbial biomass they ingest, their overall effect is to activate a selected community located in the posterior part of the gut that is involved in the digestion of ingested organic matter (Barois and Lavelle, 1986; Furlong et al., 2002; Amador and Gorres, 2007; Byzov et al., 2007; Milleret et al., 2009; Aira et al., 2010) . Aging casts generally have much lower microbial activities, and their microbial communities are closer to that of the (Trigo et al., 1999) . A color version of this figure is available in the online version of this article.
Soil Science • Volume 00, Number 00, Month 2016 Ecosystem Engineers in a Self-organized Soil bulk soil. Termites also maintain rather specific microbial communities within their guts and biogenic structures (Brune and Friedrich, 2000; Aanen et al., 2002; Jouquet et al., 2005) .
Plant Communities
Plant communities are affected through selective effects on seed germination and the foraging and modification of soil fertility mediated by soil ecosystem engineers. Plant communities associated with termite and ant mounds may differ from the general communities not so associated (Spain and McIvor, 1988; Folgarait, 1998; Folgarait et al., 2002) . Such mounds may host a specialized vegetation community on their surfaces (Schutz et al., 2008; Grohmann et al., 2010) or around their bases that contrasts with communities more distant (Spain and McIvor, 1988) . The ant C. punctulatus, for example, builds large mounds in abandoned rice fields in Argentina and Southern Brazil that have a highly diverse community of plants growing on their surfaces (Folgarait et al., 2002) . Earthworms selectively affect seed germination thereby favoring the establishment of specific plant communities (Decaëns et al., 2003; Holdsworth et al., 2007; Mitchell et al., 2007; Forey et al., 2011) . In some cases, invasive earthworms may locally decrease plant diversity at the time of their arrival (Holdsworth et al., 2007) . There is also some indication that specific affinities might exist between earthworms and plants at the species level (Zangerle et al., 2011) , which leads us to hypothesize that self-organization in this case may favor specific soil, plant, invertebrate, and microorganism associations.
Termite mounds may positively influence both biotic and abiotic processes in ecosystems and create foraging hotspots for herbivores. However, the magnitudes and spatial extents of these influences are poorly known. Levick et al. (2010) estimated that 20% of the total landscape was influenced by the presence of termite mounds and that termite influences on herbivore browsing operated at scales much larger than the spatial extents of their mound-building activities. Species building mounds with a higher nutrient status may host specialized vegetation communities on their surfaces (Grohman et al., 2010) or on the erosional pediments formed around their bases (Spain and McIvor, 1988 ) that differ from those of the general landscape.
Invertebrate Communities
Small invertebrates are strongly influenced by the profound modifications of the physical and trophic environments that occur within functional domains. While the mesofauna may find suitable below-ground habitats within earthworm galleries (Marinissen and Bok, 1988; Martin and Marinissen, 1993; Loranger et al., 1998) , a wide diversity of inquiline invertebrates may colonize ant and termite mounds (Lavelle and Spain, 2001) or live below large earthworm casts (Decaëns et al., 1999b) . Collembola are strongly and specifically attracted by earthworm cutaneous mucus (Salmon and Ponge, 2001; Salmon et al., 2005) . Many invertebrates find suitable feeding resources and shelter from their predators within these biogenic structures.
Stimulation of Plant Growth
Self-organization in plant-soil-organism systems has selected rather sophisticated processes through which mutually beneficial relationships allow plants to grow better and their associated organisms to obtain increased benefit. These arise from the different products of plant photosynthesis, root exudates, leaf, and root litter. Conversely, growth-inhibiting secondary plant (Rice, 1979; Bais et al., 2006) metabolites (allelochemicals) may intervene in interspecific plant competition processes.
Growth stimulation is effected via improvements in nutrient availability, soil physical conditions, and the production of growth hormones (Brown et al., 1999; Castellanos Suarez et al. 2014; Puga-Freitas and Blouin, 2015) . This may occur directly through bacterial stimulation or indirectly, as when earthworms stimulate the bacteria that secrete these products. Recent research shows that the hormonal effects triggered by earthworms and other soildwelling invertebrates might be more important than purely trophic influences (Puga-Freitas et al., 2012) .
Plant Protection
Signaling molecules emitted by all soil organisms can trigger defense mechanisms. Rhizosphere barriers (Chave et al., 2014) and the modification of gene expression by earthworms are examples of the rather sophisticated mechanisms that have been selected for during the course of evolution.
Rhizosphere Barriers
Roots have developed protection systems against pathogens in their rhizospheres using signaling to identify the natures and importance of threats ( F10 Fig. 10 ). They may then produce toxic compounds in their rhizospheres (Berg et al., 2005) and/or engineer the compositions of rhizosphere populations to favor the enemies of microbial pests (Ryan et al., 2009) . Roots also modify physical and chemical conditions within their rhizospheres, and this modification can last beyond the normal root life span (Hastings et al., 2007) .
This ensemble of biotic and abiotic processes has the potential to control pathogens in properly engineered systems. Soil supressiveness, the capacity of soils to naturally suppress the activities of specific pathogens, may result from the presence of a specific antipathogenic species or be a general effect of microbial diversity (Weller et al., 2002; Postma et al., 2008) . Mycorrhizae are known to provide a measure of plant protection, and the FIG. 10. Disease-suppression strategies used to harness rhizosphere interactions (Chave et al., 2014) . Plant breeding, soil amendments, plant-microbiome associations (i.e., arbuscular mycorrhizal fungi), crop rotations, and mixed cropping systems favor rhizosphere processes: biocontrol of soil borne pathogens (in red) via indigenous (in green and blue) or introduced (in yellow) root microorganisms and disease-suppressive exudation (T in red). A color version of this figure is available in the online version of this article.
use of companion plants that have a high potential for growth stimulation may also be used to control pathogens (Pozo and Azcon-Aguilar 2007; Chave et al., 2014) .
Practical interventions that would enhance rhizosphere barriers in agricultural practice involve plant and soil amendments to enhance biodiversity, particularly the activities of pathogen antagonists. Other interventions include plant breeding to enhance the capacity of plants to select for a specific microbial genotype, the direct manipulation of plant-microbiome associations, crop rotation, and the use of mixed cropping systems.
Earthworm Effects
Rice plants may become tolerant to such nematodes as Heterodera sacchari in the presence of earthworms (Blouin et al., 2005) . The decreased expression of stress genes PLD and SOD observed and the activation of genes involved in immunological defense probably indicate that the plant no longer transfers proteins from the leaves to repair the roots but instead increases photosynthesis and the production of new roots (Jana et al., 2010) .
A thorough analysis of the Arabidopsis thaliana (Brassicaceae) transcriptome in the presence of Aporrectodea caliginosa (Puga-Freitas et al., 2012) has confirmed the ability of earthworms to modify plant gene expression. Genes known to be stress inducible and dependent on ethylene or jasmonic acid signaling are actually modulated in the presence of earthworms. Several of these genes, such as PDF1.2 and PR-4, are known to be modulated during the elicitation of induced systemic resistance, a vaccinationlike process, by bacterial elicitors (van Loon et al., 2008) .
CONCLUDING REMARKS: DEVELOPING THE CONCEPT
Despite the important evidence that self-organization is a key factor in explaining the organization and biological functioning of soils, many questions need to be answered to validate this approach. Nevertheless, acknowledging the self-organized nature of soils allows a large number of novel questions to be raised. The following seven general questions are of great importance in developing the model and obtaining a more holistic understanding of soil systems.
(i) What physical evidence exists for self-organization in soil?
The self-organization theory predicts that self-organized subsystems concentrate their activities at a selected set of discrete scales (Perry, 1995) , which supposes a discontinuous distribution of pore sizes, as suggested in Fig. 3 . Can we see in the distribution of the void space inhabited by organisms a track of the discrete distribution type predicted by the self-organization concept? There are currently no measurements of pore-size distribution from the smallest ones accessible to bacteria (>0.3 μm) to the largest ones many centimeters in diameter and created by vertebrates. A few incomplete data sets currently exist (Grimaldi et al., 1993; Menendez et al., 2005) , but they cover only limited size ranges, compatible with the methods used. Lu et al. (2014) , ingests the diverse components of the soil foodweb when feeding on soil (Scale 2)? How much does this happen in nature? Are such components as protists and nematodes just digested, or are specific groups promoted, such as plant pathogens with further consequences for microbial control in the plant rhizosphere? Are the arbuscular mycorrhizal spores and other propagules that retain viability when passed through the earthworm gut (Reddell and Spain, 1991) solely transported to new locations in the soil, or is spore viability stimulated or inhibited, with further implications for rhizosphere dynamics? Several studies of earthworm-nematode relationships have indicated a diversity of outcomes: while earthworms may either digest nematodes or leave them apparently unaffected, gut transit may have adverse effects on the future survival of nematodes or of their progeny (Boyer et al., 2013) . The fate of protists following transit through an earthworm gut has seldom been studied. Cai et al. (2002) observed that cysts transited unharmed through the earthworm gut, but do not form vegetative cells within casts. In contrast, Rouelle (1983) maintained that protists were an important food source for earthworms. (v) What are ecological mediators and how do they act? The importance of these chemical compounds has been revealed in a number of studies.
It is now important to analyze and compare their structures, chemical compositions, and functional roles. What levels of specificity do they achieve, and what are the respective roles of energy-rich and signaling molecules in plant and other soil organism responses? The recent discovery of "drilodefensins' in earthworms suggests that similar molecules may act as ecological mediators and that their discovery is likely to better determine some as yet unexplained effects of the ecosystem engineers. (vi) How is carbon sequestered within the functional domains of ecosystem engineers? The issue of carbon balance in the functional domains of ecosystem engineers may be overemphasized, as when invasive species of ecosystem engineers enter natural ecosystems (Costello and Lamberti, 2009; Resner et al., 2015) . Contrastingly, they may be totally ignored, as in present and nextgeneration simulation models (Schmidt et al., 2011) . Although microorganisms are responsible for 95% to 99% of decomposition processes, ecosystem engineers are key promoters of soil larger-scale aggregation. A great part of the aggregates that they produce become microsites where carbon is conserved because microbial activity rapidly diminishes as aggregates age (Martin, 1991) . A clue to understanding the capacity of the aggregated soil fraction to conserve carbon lies in determining the origin of the individual aggregates (i.e., which ecosystem engineers or physical process produced them) and their residence times in soil. The recently developed technique of near-infrared spectroscopy allows determination of the origins of individual aggregates located within a particular soil matrix. Aggregates produced by roots and earthworms can be identified and even separated by their ages and by the species that produced them (Zangerle et al., 2011; Huerta et al., 2013; Zangerle et al., 2014) . This powerful technology combined with specific microbial signatures should permit accurate evaluation of the contributions of ecosystem engineers to carbon sequestration via the macroaggregated structures that they form. Can we understand and model such processes as their turnover within a mosaic of functional domains of diverse ecosystem engineers? (vii) What roles do ecosystem engineers play in plant protection? What are the respective roles of the signaling molecules produced by different ecosystem engineers and the mechanisms that allow plant protection or pest and disease development? To what degree could we manipulate plant gene expression in managing the activities of ecosystem engineers?
These are only a few of the research questions that have arisen when considering the conceptual model proposed in this review. The use of new approaches and benefits from novel molecular and spectral technologies will likely help in progressing development of a more refined and holistic view of soil functioning. Considering ecosystem functioning at different scales of time and space, successional processes across all scales and the interactions among social, economic, and environmental parameters will provide the necessary template for developing truly sustainable soil management practices.
Another two, already thoroughly explored questions, would also contribute to developing the soil self-organization model. Stoichiometric and allometric constraints and above groundbelow ground relationships are claimed to be of great importance in determining both biodiversity and biomass densities of soil organisms (Mulder et al., 2006; Ott et al., 2014) . The nutrient compositions of soil organic resources are generally highly imbalanced with extremely high carbon-nutrient ratios compared with those of organisms. This leads to an important elimination of carbon, through respiration, secretion, and the excretion of labile carbon substrates in form of earthworm mucus, for example, and slow release of nutrients during the microbial immobilization process (Lavelle and Spain, 2001) . How do ecosystem engineers manage to overcome this limitation and release nutrients in an available mineral form in an environment that is globally deficient in this nutrient?
The relationships among below-ground and aboveground processes have been emphasized in a large number of articles since the study of Bardgett et al. (1998) . Part of this approach acknowledges the role of below-ground processes on plant successional processes. Another important question is the respective responses of below-and above-ground components to changes occurring in the other half (van der Putten et al., 2009 ).
